The fibrocartilage transition zone in the direct bone-tendon junction reduces stress concentration and protects the junction from failure. Unfortunately, bonetendon junctions often heal without fibrocartilage transition zone regeneration. We hypothesized articular cartilage grafts could increase fibrocartilage transition zone regeneration. Using a goat partial patellectomy repair model, autologous articular cartilage was harvested from the excised distal third patella and interposed between the residual proximal two-thirds bone fragment and tendon during repair in 36 knees. We evaluated fibrocartilage transition zone regeneration, bone formation, and mechanical strength after repair at 6, 12, and 24 weeks and compared them with direct repair. Autologous articular cartilage interposition resulted in more fibrocartilage transition zone regeneration (69.10% ± 14.11% [mean ± standard deviation] versus 8.67% ± 7.01% at 24 weeks) than direct repair at all times. There was no difference in the amount of bone formation and mechanical strength achieved. Autologous articular cartilage interposition increases fibrocartilage transition zone regeneration in bone-tendon junction healing, but additional research is required to ascertain the mechanism of stimulation and to establish the clinical applicability.
Introduction
A direct bone-tendon junction typically consists of four zones of tissue: tendon, uncalcified fibrocartilage, calcified fibrocartilage, and bone. The uncalcified fibrocartilage and calcified fibrocartilage together form the transition zone [2, 8] . The transition zone fibrocartilage is characterized by chains of enlarged, round chondrocytes residing in extracellular matrix-filled lacunae, embedded in parallel bundles of collagen fibers [8] . The arrangement of the transition zone between tendon and bone ensures a gradual transition in stiffness and other material properties between tendon, a soft tissue, and bone, a hard tissue.
The normal bone-tendon junction is a strong structure protected by the transition zone. Traumatic failures near the bone-tendon junction usually occur as bone avulsion or tendon/ligament failure, but not at the junction [9, 22, 34] . The transition zone in the direct bone-tendon junction is thought to reduce stress concentration, tearing, or shearing at the interface [33] . The organization of uncalcified fibrocartilage and calcified fibrocartilage between tendon and bone ensures a gradual transition in stiffness and other material properties between tendon and bone. The presence of mechanical property gradients at the interface, instead of a sudden change in material property between tendon and bone, decreases stress concentration, improves the strength of tissue bonding, and decreases the chance of failure [29] . It also has been proposed [2] that fibrocartilage in the transition zone allows movement of tendon at the interface but prevents bending at the hard tissue. This notion is supported by the finding of increased fibrocartilage thickness at insertion sites that have greater freedom of movements [3, 10, 11] . The absence of transition zone regeneration presumably would result in a junction more prone to injury. One might presume, therefore, restoration of the transition zone in bone-tendon junction healing would be important after injury to maintain this unique protective mechanism.
Unfortunately, the bone-tendon junction often heals without fibrocartilage transition zone regeneration: MRI and biopsy studies in humans show there is no fibrocartilage zone regeneration or basophilic line formation years after bone-patellar tendon-bone graft harvest [18] . The absence of fibrocartilage transition zone regeneration also has been observed in supraspinatus reattachment [12] , infraspinatus reattachment [1, 23] , and partial patellectomy repair in animal models [17, 24, 32] . The unique protective mechanism is not restored.
Distal-third partial patellectomy with attachment of the tendon to the residual proximal two thirds provides a model to study the process of direct bone-tendon junction healing [17, 24, 32] (Fig. 1 ). Earlier tissue incorporation and better junction healing between articular cartilage and tendon than between bone and tendon have been observed after partial patellectomy in rabbits [24] . Wong et al. [32] reported increased fibrocartilage formation in the healing bone-tendon junction adjacent to the articular cartilage cut surface in a goat model. The formation of fibrocartilage resulted in a transition zone-like structure.
We hypothesized autologous articular cartilage interposition grafting would increase fibrocartilage transition zone regeneration in bone-tendon junction healing, bone formation, and mechanical strength.
Materials and Methods
We obtained 36 mature 24-to 28-month-old male Chinese goats with body weight between 25 and 30 kg from a licensed dealer and housed them in the university animal laboratory center. We randomly allocated either knee to the autologous articular cartilage interposition group (n = 36) or the direct repair group (n = 36) for histologic studies (fibrocartilage transition zone regeneration and bone formation) and mechanical studies (ultimate failure load and ultimate stress). The knee samples were harvested at 6 (n = 24), 12 (n = 24), and 24 (n = 24) weeks. At each time, 12 samples (six from each group) were used for histologic studies and 12 samples (six from each group) were used for mechanical studies. A power analysis was performed with estimated fibrocartilage regeneration data (unpublished data) from a previous goat partial patellectomy study [32] . With a normalized mean fibrocartilage length of 10.0 (%), assuming a common standard deviation of 5.0, the sample size of six in each group would have 80% power to detect a doubling (ie, one fold increase) in fibrocartilage regeneration using a two-group comparison with a 0.05 two-sided significance level. Animal research ethics approval was obtained from our institute. The institute's guidelines for the care and use of laboratory animals were followed throughout the study.
The procedure for partial patellectomy repair was as follows [32] . Gas induction was given by halothane inhalation via a conical breathing mask. After intubation, we administered general anesthesia with a mixture of halothane, nitrous oxide, and oxygen. One of the knees was shaved and disinfected with 0.05% chlorhexidene gluconate solution (Zeneca, Cheshire, UK). The patella and patellar tendon were exposed though a midline skin incision. We performed a transverse osteotomy at a level between the proximal two thirds and distal third of the patella using an oscillating saw (Mini Compressed Air; Synthes, Bettlach, Switzerland). The patellar tendon was transected at the tip of the patella with a surgical knife. Two sagittal drill holes were made from the osteotomy surface of the patella toward the superior pole of the patella. We applied a Bunnell tendon suture [16] to the patellar tendon using Ethibond 1 suture (Ethicon Ltd, San Angelo, TX). The two ends of the suture then were passed through the two patellar drill holes, pulling the osteotomy was performed between the proximal two thirds and distal third of the patella. The patellar tendon was transected at the tip of the patella with a surgical knife. The distal-third patella and its attached tendon segment were removed. (B) A Bunnell tendon suture was applied to the patellar tendon. The two ends of the suture then were passed through the two sagittal drill holes in the patella, pulling the patellar tendon against the proximal patella, and tied at the superior pole of the patella. (C) A figure-of-eight tension band wiring was applied to protect the patella-to-patellar tendon repair.
Volume 467, Number 4, April 2009 Transition Zone Regeneration with Cartilage 1093 patellar tendon against the proximal patella, and tied at the proximal end of the patella. The patellar tendon was attached to the center of the patella osteotomy surface. A figure-of-eight tension band wiring was applied using 0.9-mm-diameter steel wire to protect the patella-topatellar tendon repair as in usual partial patellectomy repair [15] (Fig. 1 ). The figure-of-eight tension band wiring protected the repair, while allowing as much as 90°knee flexion. We closed the patellar retinaculum, paratenon, and skin with 3/0 chromic catgut and Mersilk 1 sutures (Ethicon Ltd). Antibiotic spray (Nebacetin 1 ; Byk Gulden, Konstanz, Germany) was applied.
In knees allocated to the autologous articular cartilage interposition group (n = 36), a piece of articular cartilage was inserted between the proximal patella and patellar tendon during the repair. Autologous articular cartilage was harvested from the distal-third patella, which was excised during the partial patellectomy. The articular surface first was abraded by scraping with a surgical blade to remove the most superficial layer to expose the chondrocytes. Fullthickness articular cartilage then was harvested by tangential excision with a surgical blade, taking care to avoid lacerations in the graft. The average size of articular cartilage harvested measured 8.5 mm in width and 7.0 mm in length. The thickness of the cartilage graft averaged 0.80 mm (standard deviation, 0.073 mm). The harvested articular cartilage then was trimmed to the size of the partial patellectomy cross section. The articular cartilage was interposed between the proximal patellar segment and the patellar tendon, with the cut surface facing the patella. The articular cartilage was secured by passing the two ends of the Bunnell suture through the articular cartilage before they were passed into the patellar drill holes (Fig. 2 ). There was no dislodgement of cartilage observed on completion of the surgical repair.
A long-leg cast with the knee in resting position was applied for 6 weeks (Scotchcast TM ; 3 M Health Care, Borken, Germany). Intramuscular buprenorphine injection (5 lg/kg, Temgesic 1 ; Schering-Plough, Welwyn Garden City, UK) was given as postoperative analgesia. A standard laboratory animal diet and water were provided ad libitum. The goats were housed individually in 4-9 5-m animal rings after the surgery and allowed free activity. All goats were able to resume full-weightbearing ambulation in a couple of days. Anteroposterior and lateral radiographs of the operated knees were taken immediately after surgery to ensure proper placement of the figure-of-eight tension band wiring.
The goats were euthanized at 6, 12, and 24 weeks after surgery by an overdose of intravenous 25% sodium pentobarbital (100 mg/kg intravenously). The figure-of-eight tension band wires were carefully removed and the patellapatellar tendon complexes were harvested. Samples for histologic studies were fixed in 4% paraformaldehyde solution and cut in the midsagittal section into medial and lateral halves with a hand saw. One half was sent for decalcified tissue processing and the other half for undecalcified tissue processing. Patella-patellar tendon complexes for mechanical tests were harvested together with a block of tibial tuberosity to facilitate fixation in a mechanical testing jig. Fresh samples were wrapped in normal saline gauze, sealed in a freezer bag, and stored in a -20°C freezer until mechanical testing.
Samples for undecalcified tissue processing were fixed and dehydrated and then embedded in methyl methacrylate. Serial 200-lm-thick sections were cut using a saw microtome (SP1600; Leica Instruments, Nussloch, Germany), mounted onto polyethylene slides, and polished down to 10 lm thick using a grinding machine (Rotopol-21; Struers, Rodovre, Denmark). The methyl methacrylate sections were stained with toluidine blue.
Samples for decalcified tissue processing were decalcified in 9% formic acid-formalin solution for 8 weeks. The formic acid-formalin solution was changed every week. The completeness of the decalcification process was determined by calcium oxalate test. The decalcified samples then were fixed and dehydrated in a Shandon Pathcentre 1 Tissue Processor (Thermo Electron Corp, Pittsburgh, PA) before paraffin embedding in a Tissue Embedding Center (Thermolyne Sybron, Dubuque, IA). Serial 7-lm-thick sagittal sections were cut with a microtome (RM2165; Leica). The mounted sections were stained in an automatic slide stainer (Shandon Varistain 1 ; Thermo Electron Corp) with hematoxylin and eosin for general histologic evaluation [31] .
Immunohistochemical localization of Type I and Type II collagen was performed with monoclonal antibodies (Lab Vision Co, Fremont, CA). Paraffin sections were deparaffinized and rehydrated. The rehydrated sections were immersed in 0.1% phenylhydrazine solution for 10 minutes to quench all endogenous hydrogen peroxidase activity. After rinsing with phosphate-buffered saline, trypsin digestion was performed, followed by hyaluronidase digestion. Nonimmune bovine serum was applied for 20 minutes at room temperature to block nonspecific antibody binding. The sections then were incubated with the primary antibody at 4°C overnight (dilutions at 1:100 for Type I collagen and 1:200 for Type II collagen). A StreptABComplex/HRP Duet, Mouse/Rabbit Kit (DAKO, Glostrup, Denmark) was used for color development. Biotinylated secondary antibody to rabbit IgG then was added. Streptavidin-biotin-horseradish peroxidase complex solution was applied to amplify the signals. Diaminobenzidine tetrahydrochloride was used as chromogen and applied until the sections were light brown. Once the signal appeared, the sections were counterstained with Mayer's hematoxylin and then dehydrated in graded ethanol and xylene, followed by mounting. Negative controls were run in each case by omitting the primary antibody.
One researcher (MWNW) trained in histologic assessment evaluated the histologic samples and performed the histomorphometric analysis for all samples. All histologic sections were evaluated under light microscopy and polarizing microscopy using a Leica Q500MC microscope image analysis system (Leica Microsystems, Wetzlar, Germany). Four midsagittal sections were used for analysis. Sections were examined under low magnifications (916 and 940) for general histologic analysis, integration of cartilage graft to bone and tendon, and new bone formation. Cellular organization and the presence of fibrocartilage and basophilic line at the healing interface were examined under high magnifications (9100 and 9200). The images were captured with a digital video camera and digitized at a resolution of 3264 9 2448 pixels. The digitalized images were analyzed using an image analysis system (Meta-Morph 1 4.5; Universal Imaging Corp, Downingtown, PA) to quantify the lengths of fibrocartilage transition zone regeneration and basophilic line regeneration along the healing bone-tendon junction and the amount of bone formation after the repair. With segmental transition zone and basophilic line regeneration, the segmental lengths were summed together to obtain the total length. Percentage regeneration was calculated by dividing the lengths measured by the length of the individual healing junction, to adjust for size differences between samples.
Bone formation was measured by (1) the area, (2) the maximum length, and (3) the average length of bone formation. The original partial patellectomy level could be identified by the articular cut surface, which remained distinct. All bone distal to the original partial patellectomy level was defined as bone formation after partial patellectomy. The new junction between bone and patellar tendon was outlined as the healing bone-tendon junction. The area of bone formation was measured by the area between the partial patellectomy line and the healing junction. The maximum length of bone formation was measured by the longest perpendicular distance between the partial patellectomy line and the healing junction. The average length of bone formation was calculated by dividing the area of bone formation by the length of the partial patellectomy line.
For mechanical testing, the patella-patellar tendon complexes were thawed at 4°C for 24 hours. The anteroposterior and mediolateral widths of the healing bonetendon junction interface were measured with a precision caliper (Davis Calibration, Baltimore, MD). Assuming a near-rectangular shape, the cross-sectional area of the healing interface was approximated by multiplying the anteroposterior width with the mediolateral width. The two ends of the patella-patellar tendon complexes were fixed onto a mechanical test machine (H25KM; Hounsfield Test Equipment, Redhill, UK) with two specially designed clamps at fixed distances from the healing bone-tendon junction. A 1-N tensile preload was applied. The load to failure tensile test was performed at a load speed of 50 mm per minute. The loading speed of 50 mm per minute corresponded to a strain rate of 3% per second on the patellar tendon. This strain rate was chosen as it is within physiologic range, and the mechanical properties of the boneligament-bone complex differed little between strain rates of 1% per second to 100% per second [34] . The resultant force displacement curves were recorded. Ultimate stress was calculated by dividing the failure load over crosssectional areas of the specimens.
Differences in the amount of fibrocartilage transition zone regeneration and bone formation among the three times in each group were determined by the Kruskal-Wallis test, followed by the post hoc Bonferroni test. Differences in the amount of fibrocartilage transition zone regeneration and bone formation achieved at the same time between the two groups were determined using the Mann-Whitney U test. Quantitative data were analyzed using SPSS 1 Version 14.0 (SPSS Inc, Chicago, IL).
Results
There was no clinical failure observed in either group. Remnants of the autologous articular cartilage could be seen in some of the 6-week histologic sections, with good integration to adjacent tissues (Fig. 3) . The interposed articular cartilage could not be identified in the 12-week and 24-week samples. Fibrocartilage transition zone regeneration can be well identified on hematoxylin and eosin-stained sections along the healing bone-tendon junction by the presence of chains of chondrocytes embedded in collagen fibers. Areas with fibrocartilage transition zone regeneration had increased collagen II stain and showed well-aligned collagen fibers under polarized microscopy. Collagen I stain was less than surrounding tendon tissue. No collagen II stain was detected in areas where tendon healed directly to bone by fibrous tissue. Fibrocartilage transition zone regeneration was absent in two 6-week and one 24-week direct repair samples. Even by 24 weeks, the percentage lengths of fibrocartilage transition zone formed remained less than 10% of the healing bone-tendon junction lengths ( Fig. 4 ). Autologous articular cartilage interposition resulted in more fibrocartilage transition zone regeneration than direct repair at all times (Table 1) (Fig. 5 ). The mean (± standard deviation) length of fibrocartilage transition zone regenerated at 24 weeks measured 7760 ± 1665 lm with articular cartilage interposition, which was higher (p = 0.002) than the 787 ± 726 lm after direct repair. When the data were normalized with individual sample's new bone-tendon junction length, articular cartilage interposition resulted in 69.10% ± 14.11% length with fibrocartilage, again higher (p = 0.002) than the 8.67% ± 7.01% after direct repair. Basophilic line formation was variable in both groups. The amount of basophilic line formation varied from none to 57% of the total new bone-tendon junction length. Two or three of the six samples from each time showed no basophilic line formation. This was true for the articular cartilage interposition group and the direct repair group. The area and the maximum length of bone formation increased with time in the autologous articular cartilage interposition group and the direct repair group ( Table 2 ).
The area of bone formation increased (p = 0.015) from 7.55 mm 2 at 6 weeks to 20.15 mm 2 at 24 weeks with articular cartilage interposition and increased (p = 0.005) from 11.15 mm 2 at 6 weeks to 25.49 mm 2 at 24 weeks in the direct repair group. The maximum bone length also increased with time after articular cartilage interposition (p = 0.011) and direct repair (p = 0.021). The area of bone formation, maximum bone length, and average bone length achieved at the same time did not differ between the groups.
The ultimate failure load increased (p = 0.020) from 732 N at 6 weeks to 1310 N at 24 weeks after articular cartilage interposition and increased (p = 0.040) from 922 N at 6 weeks to 1113 N at 24 weeks after direct repair (Fig. 6 ). The ultimate stress did not show substantial change with time. There was no difference in ultimate failure load and ultimate stress achieved after articular cartilage interposition and after direct repair.
Discussion
The fibrocartilage transition zone in direct bone-tendon junction reduces stress concentration, tearing, or shearing at the interface. The regeneration of fibrocartilage transition zone in bone-tendon junction healing is important to restore this unique protective mechanism. Unfortunately, normal bone-tendon junction healing often occurs without fibrocartilage transition zone regeneration. Increased fibrocartilage formation in the healing bone-tendon junction adjacent to the articular cartilage cut surface, with formation of a transition zone-like structure, has been reported [32] . The observation led to the hypothesis that articular cartilage could increase fibrocartilage transition zone regeneration in bone-tendon junction healing: the amounts of fibrocartilage transition zone regeneration, bone formation, and mechanical strength achieved with autologous articular cartilage interposition were studied and compared with direct repair. This study has some limitations. Outcome assessment for histology in this study was performed on midsagittal sections. The healing bone-tendon junction is a threedimensional structure, with a cross-sectional area and a depth. Accurate assessment of the amounts of bone formation and transition zone regeneration ideally would be performed in a three-dimensional manner. This is technically very difficult. There is no way to detect fibrocartilage formation inside an intact specimen, which is the subject of interest. The use of micro-CT theoretically can show bone microarchitecture and bone volume. However, as the junction heals, it is impossible to tell where old bone ends and new bone starts on micro-CT. However, delineation of this boundary could be ascertained accurately on histology sections, as the articular cut surface remained very well demarcated despite adjacent bone growth. It therefore was resolved to assess the outcome on histologic sections, knowing they were two-dimensional representations of the healing junction. One researcher assessed all the specimens and performed the histomorphometric analysis. Variability in assessment is minimized with one blinded observer but one observer can introduce systematic bias. The small sample size of the study was another possible source of error. Parameters with large variability may escape detection of differences. The reader needs to be aware of the chance of a Type 2 error for parameters that failed to show a difference.
The transition zone in a direct bone-tendon junction is marked by the presence of fibrocartilage. The direct repair group showed little fibrocartilage formation, indicating suboptimal regeneration of the transition zone. This finding was similar to that observed in tendon healing in a bone trough, in which there was reestablishment of continuity between bone and tendon but poor regeneration of the fibrocartilage zone [32] . The lack of fibrocartilage zone regeneration after partial patellectomy also was observed by Leung et al. and Qin et al. [17, 24] in rabbits. Previous anatomic studies in rat Achilles tendons and medial collateral ligaments have suggested fibrocartilage at the enthesis differentiate from tendon cells [13, 25] . It was proposed tenocytes lose contact with adjacent tenocytes, round up and enlarge, differentiating into chondrocytes. It is not known how these changes take place or how they are regulated. Tendon subjected to compressive force also develops fibrocartilage at the site of compression [30] . This metaplasia from tendon cells might explain how fibrocartilage forms after bone-tendon junction repair. However, our data suggest fibrocartilage regeneration after direct bone-tendon junction repair is limited in extent. Natural differentiation from tendon cells, if present, is not enough to restore a normal fibrocartilage transition zone.
Autologous articular cartilage interposition during bonetendon junction repair substantially increased fibrocartilage transition zone regeneration. Articular cartilage is responsible for resisting compression, whereas fibrocartilage functions mainly to resist tension. The rounded chondrocytes residing in lacunae found in fibrocartilage resembles the chondrocytes in hyaline cartilage. However, the microstructural arrangement, extracellular matrix components, and mechanical functions of fibrocartilage differ from those of hyaline cartilage. The matrix of fibrocartilage contains coarse Type I collagen fibers arranged in thick bundles. Type II collagen is concentrated around the fibrocartilage cells, and its amount varies among anatomic sites [4] . The matrix in hyaline cartilage appears homogeneous, with collagen fibers arranged in a loose meshwork. Most of the collagen in articular cartilage is Type II. Mechanical loading plays an important role in the development, function, and repair of all tissues in the musculoskeletal system, including bone, tendon, ligament, and muscle. Connective tissue cells change their extracellular matrix according to the mechanical stress received [6, 28] . The exact mechanism and signaling pathways by which these adaptive changes occur are unknown. Altered mechanical stimulation causes chondrocytes to proliferate and to change matrix macromolecules and collagen-type synthesis [5, 20] . Articular cartilage defects often heal with fibrocartilage instead of hyaline cartilage [20] . Fibrocartilage formation is unwanted in articular cartilage resurfacing but actually desired in bone-tendon junction healing. The piece of autologous articular cartilage was removed from its normal environment of compression and placed in the healing junction, which was subjected to tensile force. It is uncertain whether the altered mechanical environment caused the piece of interposed articular cartilage to develop into fibrocartilage. It is also possible the regenerated fibrocartilage might have originated from bone, or from tendon, as proposed by Gao et al. and Ralphs et al. [13, 25] in enthesis formation. The interposed articular cartilage might have acted as a catalyst or a provider of mediators, instead of as a substance in the production of the fibrocartilage transition zone. The exact mechanism of action whereby the interposed articular cartilage resulted in increased fibrocartilage transition zone formation needs additional investigation and is beyond the scope of this study.
Bone formation increased with time in the direct repair group and autologous articular cartilage interposition group. Bone formation is reportedly an essential step in the process of bone-tendon junction healing [26] . The application of bone morphogenetic proteins (BMP) increases bone formation and mechanical strength of tendon healing inside the bone tunnel [19, 21, 27] . BMP-7, which is expressed in adult human, bovine, rabbit, and goat articular cartilage [7] , promotes tendon-graft integration in anterior cruciate ligament reconstruction in sheep [21] . Insertion of autologous articular cartilage in direct bone-tendon junction repair in goats did not increase the amount of bone formed in our study. The amount of BMP-7 in normal articular cartilage is probably too low to affect the bone formation process.
Improved mechanical strength has been reported in association with increased bone formation in bone-tendon junction healing [14, 19, 21, 27] . In our study, bone formation did not differ between the two groups. The structural improvement as evidenced by increased fibrocartilage transition zone regeneration after autologous articular cartilage interposition did not result in a corresponding increase in mechanical strength. The failure stress in either group only reached 10% of previously published failure stress of the normal goat patella-patellar tendon complex [32] . Mechanical properties other than ultimate failure load and failure stress have not been tested. It is not known whether soft tissue mechanical properties, eg, stress relaxation and viscoelasticity, are improved by the presence of increased fibrocartilage transition zone regeneration.
Partial patellectomy is an ideal model for autologous articular cartilage interposition as the articular cartilage graft can be harvested from the discarded distal-third patella segment with no additional donor site morbidity. There are few other situations as ideal as partial patellectomy in providing a readily available articular cartilage autograft nearby with no donor site morbidity. In most situations of bonetendon repair, a separate cartilage donor site would be required, with subsequent risk of donor site morbidity. Additional research is required to investigate the mechanism of increased fibrocartilage regeneration in bone-tendon junction healing, and to establish the applicability of autologous articular cartilage interposition in clinical settings.
